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fOJLftfgXd 

This  program  had  as  its  objective  the  development  of  a 
new  instrument  to  accurately  measure  electrical,  thermal  and 
optical  properties  of  fluids  over  wide  ranges  of  pressure 
and  tempeffature  and  of  important  properties  of  the  instrument 
and  its  material.  The  cell  was  designed  and  constructed  and 
brought  into  operational  readiness  under  contract  AF  49(638)- 
1574.  The  research  described  in  the  report  demonstrates 
that  fourteen  of  the  properties  that  the  instrument  is 
capable  of  measuring  can  be  determined  accurately.  For  the 
continuation  of  the  work  properties  of  selected  fluids  such 
as  simple  monoatomic  gases  will  be  measured  to  permit 
construction  of  a  theoretical  model  for  use  with  more  complex 
molecules.  Influences  of  the  effects  of  dissociation  will 
also  be  studied.  Selected  liquids  such  as  freons  will  be 
investigated  for  their  suitability  as  heat  transfer  substances 
especially  in  compact  electronic  devices  as  used  in  computers 
and  guidance  systems  of  high  speed  aircraft  and  rockets. 

It  is  further  anticipated  that  the  feasibility  of 
converting  the  multi-purpose  instrument  to  semi-  or  fully 
automatic  operation  will  be  investigated  and  that  the 
unsteady  technique  described  in  the  report  for  remote 
observations  of  heat  transfer  and  properties  will  be 
developed. 


ri 


I 

1 


'"I 

1 

I  ! 

R 

R 

n 


I  i 


f  ■ 


I 


( 

/•' 


•  J 


11 


Table  of  Contents 


Pai!;e 


Foreword  .  i 

Abstract  . .  1 

1.  Introduction  .  1 

2.  Short  Description  of  the  Instrument  and  the  Procedure 

for  Measuring  the  Various  Properties .  4 

Fig,  1  Multi-Purpose  Instrument  [MPll .  5 


Fig.  2  Wiring  Diagram  and  Switching  Arrangement 
for  Measurements  of  the  Different 

Properties  .  8 

Fig.  3  Wiring  Diagram  for  Power  Measurements  .  8 

Fig.  4  Photographic  Picture  of  Laboratory  ...  10 

3.  Experimental  Results  Under  Steady  State  Conditions  .  II 

3A  Determination  of  the  Properties  of  the  Instrument  .  11 

3A1  Measurements  of  the  Geometric  Constant  B . 11 

Fig.  5  Capacitance  as  a  Function  of  Vertical 
Displacement  of  Hot  Body  at  25 ^C  Under 

Vacuum . 14 

Fig.  6  Capacitance  of  Geometrical  Arrangement 
Under  Vacuum  as  a  Function  of  Tempera¬ 
ture  . . 15 


I 


Hi 


Pa^e 

3A2  Determination  of  Thermal  Expansion  Coefficient  of 

Instrument  Material  and  Centering  Rod . 15 

Fig.  7  Capacitance  as  a  Function  of  Temperature 

for  Hot  Body  Displaced  Off  Center  ...  17 


3A3  Determination  of  the  Volume  of  the  Instrument 

Accommodating  the  Teat  Fluid . 19 

Fig.  8  Arrangement  For  Measuring  Volume  of 

MPI . 21 

3B  Determination  of  Various  Properties  of  Selected 

Substances . 27 

3B1  Thermal  Conductivity  of  Helium  at  20  and  30®C  In  a 

Range  of  Pressure .  27 

Fig,  '  Thermal  Conductivity  of  Helium  Gas  vs. 

Pressure . 28 

3B2  Measurements  of  Dielectric  Constant »  Thermal 

Conductivity  and  p-v-T  Data  of  Nitrogen  at  Three 
Constant  Densities  in  a  Temperature  Range  0*100oC. 


And  Evaluation  of  Susceptibility,  Polarizibility  and 

Index  of  Refraction . 29 

Fig.  10  Pressure  and  Dielectric  Constant  of 
Nitrogen  vs.  Temperature  at  Constant 
Density  p  *  0.36265  x  10"^  gm/cm^  ...  30 

Fig.  11  Pressure  and  Dielectric  Constant  of 
Nitrogen  vs.  Temperature  at  Constant 
Density  (>  »  1.02723  x  10"^  gm/cm^  ...  31 


Pagfe 

Fig.  12  Pressure  and  Dielectric  Constant  of 

Nitrogen  vs.  Temperature  at  Constant 

-3  3 

Density  p  *  1.7334  x  10  gm/cm  ...  32 

Fig.  13  Thermal  Conductivity  of  Nitrogen  vs. 
Temperature  at  Three  Constant 
Densities . 33 

3B3  Determination  of  Thermal  Conductivity  and  Dielectric 
Constant  of  Octaf luorocyclobutane  Fg  •  Vapor  at 
1  atm  in  the  Range  of  Temperature  O-lOQoC  .....  35 

Fig.  14  Thermal  Conductivity  and  Dielectric 
Constant  of  C^  Fg  at  1  atm  vs. 

Temperature  . 35 


r  ‘  • 
|: 

li 

n 

c 

Q 

I] 


3B4  Vapor  Pressure  Measurements  of  Methanol  in  the 


Temperature  Range  O-IOO^C  .  36 

Fig.  15  Vapor  Pressure  of  Methanol  vs. 

Temperature  .....  .  38 


3B5  Determination  of  Thermal  Conductivity,  Dielectric 
Constant,  Electrical  Conductivity  and  Dissipation 
Factor  of  C^  Fg  Liquid  at  15  atm  in  the  Temperature 

Range  O-SQoC . 39 

Fig.  16  Thermal  Conductivity  and  Dielectric 
Constant  of  C^  Fg  at  15  atm  vs. 

Temperature . 40 


J 


o 


t  ■ 


V 

i 

P«R« 

Fig,  17  d.c.  Electrical  Conductivity  and 

Dissipation  Factor  of  Fg  at  15  atm 

vs.  Tamperature  . . ^1 

3B6  Determination  of  Thermal  Expansion  Coefficient  of 

Benzene  at  1  atm  at  Various  Temperatures . 42 

Fig.  18  Thermal  Expansion  Coefficient  of  Benzene 

at  1  atm  vs.  Temperature . 43 

4.  Unsteady  State  Experiments,  A  Technique  For  Precise 
Determination  of  Heat  Transfer  in  the  Absence  of 
Tamperature  Measuraments  and  Its  Extended  Applica¬ 
tion  to  Properties . 43 

Fig.  19  Multi-Purpose  Instrument  Used  in 
Transient  Conditions  to  Deteirmine 
Thermal  Diffusivity  of  Test  Fluids  ...  44 

I 

Fig.  20  Schematics  of  T  b  f(t)  for  Hot  emd  Cold 
Bodies  and  C  >  f(T,t)  for  Case  a.  Test 
Fluid  is  a  Perfect  Insulator  ......  45 

Fig.  21  Same  but  for  Case  b.  Test  Fluid  is  a 

Perfect  Conductor . 45 

Fig.  22  Same  but  for  Case  c.  Test  Fluid  is  a 

Finite  Conductor . 46 

4.1  Determination  of  Thermal  Transport  Properties  of 
Helium,  Nitrogen,  and  Argon  at  1  atm  and  Vacuum  in 
a  Small  Temperature  Range . 46 


V 


n 

n 

n 

n 


n 

0 

n 

n 

n 


Fig.  23  Change  of  Capacitance  with  Time  for 
the  Determination  of  Thermal 
Diffusivity  of  Fluids . 

5.  Sxannary  and  Future  Work  •  .  •  •  . . 

6.  Acknowledgment  . . . 

7.  References . . . 


Vi 


Page 


48 

49 

50 

51 


) 


'] 


*  1 

.1 

3 

'] 


1 


MEASURING  14  PROPERTIES  WITH  THE  MULTI-PURPOSE 
INSTRUMENT  AND  A  TEMPERATURE  FREE  METHOD 
OF  MEASURING  THERMAL  TRANSPORT  PROPERTIES 


Afritrict 

Th«  multi-purpose  instrument  originally  designed  to 
determine  seven  properties  was  extended  in  its  capabilities 
to  measure  additional  properties.  The  paper  describes  briefly 
the  instrtiment  and  the  operational  procedures  and  brings  the 
results  of  measurenents  of  some  of  the  properties,  namely; 
four  properties  of  the  instrument  or  its  wall  material, 
thermal  conductivity  of  He,  N2  and  (in  vapor  and  liquid 

state),  p-v-T  data  of  N2,  dielectric  constant  of  N2,  He,  A 
and  C^Fg -vapor  and  liquid,  vapor  pressure  of  methanol, 
electrical  conductivity  and  dissipation  factor  of  C^Fg-llquld, 
thermal  expansion  coefficient  of  Benzene  index  of  refraction 
and  polarizibility  of  N2.  A  new  unsteady  method  Ir  introduced 
^or  the  determination  of  heat  transfer  and  thermal  transport 
properties  without  measuring  tcsnperature  and  its  technique  is 

i 

demonstrated  by  heat  transport  observations  in  He,  A,  M2  and 
vacuimi. 

1.  Introduction 

Much  effort  is  currently  expended  to  measure  and/or 
calculate  the  properties  of  materials  over  continuously 
widening  ranges  of  pressure,  temperature  and,  in  the  case  of 
mixtures,  composition.  The  user  of  such  data  has  the  task  of 
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reconciling  different  types  end  quality  of  information  and 
often  estimating  new  values  for  a  needed  condition.  This  is 
true  for  a  single  property.  Often  more  than  one  property  is 
needed  and  the  necessary  information  cannot  be  found.  Even 
if  it  can  be  found  the  values  usually  are  not  physically 
concordant.  In  order  to  overcome  these  difficulties  the 
concept  of  an  instrument  able  to  measure  many  properties  of 
substances  was  introduced  and  followed  up  by  the  construction 
of  the  apparatus  which,  when  properly  functioning,  should 
(a)  eliminate  variations  in  sample  in  different  tests,  (b) 
secure  identical  conditions  for  all  different  properties  and 
(c)  greatly  reduce  the  time  and  expenses  otherwise  needed  for 
separately  sieasuring  all  the  properties.  The  instrument 
further  should  allow  most  of  the  data  to  be  observed  absolutely, 
with  high  precision  and  over  as  wide  a  range  of  temperature 
and  pressure  as  feasible  for  accurate  measurements.  The  data 
therefore  should  be  usable  for  theoretical  studies,  to  verify 
and  check  models  for  prediction  of  properties  by  statistical 
mechanics  especially  for  those  rsnges  of  temperature  where  it 
is  impossible  to  carry  out  measxirsments.  The  theory  and  design 
of  the  development  of  the  instrument  have  been  described  in 
detail  in  reports  (1)*  seminars  (2,3)  and  presentations  at 
national  and  international  meetings  (4,5,6)  and  so  were  the 
facilities  of  the  laboratory  and  the  experimental  setup 
necessary  for  operating  the  instrument  (7).  This  paper 
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(  )  refers  to  References. 
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diacussM  firat  tha  procadura  to  obtain  tha  propartlaa  of  the 
inatrunant  and  than  tha  raaulta  of  maaauramanta  of  propartlaa 
of  varloua  taat  flulda.  It  waa  not  attamptad  to  maaaura  for 
aach  of  tha  taat  flulda  all  tha  propartlaa  tha  Inatrumant  can 
datarmlna  but  to  damonatrata  that  tha  apparatua  can  ba  uaad 
to  dataimlna  with  high  accuracy  aa  many  propartlaa  aa  waa 
propoaad . 

For  comparlaon  raaaona  auch  taat  flulda  In  moat  Inatancaa 
wara  choaan  for  which  tha  proparty  or  propartlaa  to  ba 
datarmlnad  wara  wall  known.  Tha  rangaa  of  praaaura  and 
tamparatura  wara  aalactad  accordingly.  In  aoma  othar  caaaa 
aamplaa  wara  aalactad  for  «dilch  only  ona  or  two  propartlaa 
wara  known  accurataly  but  not  tha  othara— or  glvan  only  for 
alngla  condltlona  of  praaaura  and  tamparatura.  For  aafaty 
raaaona  tha  maaaxiramanta  wara  carrlad  out  at  praaauraa  and 
tamparaturaa  whldi  are  far  from  tha  axtramaa  of  tha  daalgn 
capability  of  tha  Inatrumant.  Soma  of  the  maaauramanta  ara 
uaad  for  thaoratlcal  atudlaa  but  thoaa  ara  bayond  tha  acopa 
of  thla  papar  and  tharafcra  not  Included. 

For  tha  aaka  of  aaalar  raadlng  a  abort  daacrlptlon  of 
tha  Inatruatant  and  Ita  oparation  la  fait  nacaaaary  daaplta 
tha  fact  that  datallad  Information  la  glvan  In  tha  abova 
rafarancaa. 


The  instrument  shown  scheoistlcslly  In  Figure  1  consists 
of  four  major  parts.  A  heating  element  (the  so  called  "hot 
body")  of  cylindrical  shape  with  hemispherical  ends  enclosed 
in  a  similarly  formed  but  slightly  larger  upper  cavity  of  the 
cold  body,  which  is  made  out  of  three  parts.  The  lower  part 
encloses  a  pressure  measuring  device,  valve  arrangements  and 
a  standard  Pt-resistance  thermometer  which  is  located  in  the 
lower  spherical  cavity  formed  between  the  lower  and  middle 
parts  of  the  cold  body.  The  upper  part  suspends  and  centers 
the  hot  body  by  means  of  a  centering  rod.  It  furthermore 
houses  a  feed«in  device.  The  test  fluid  is  filled  into  the 
system  either  from  below  or  through  the  feed -in  device.  The 
instrument  can  be  sealed  off  completely  for  constant  volume 
measurements  or  possibly  cosmected  with  outside  instrumentation 
for  other  types  of  measturements.  The  temperature  of  the 
instrument  is  regulated  by  means  of  thermostat  fluids 
channeled  bifilarly  through  passages  provided  as  indicated  in 
the  figure.  The  temperature  of  the  hot  body  is  determined  by 
a  Pt-resistance  thermometer  placed  in  a  coiled  capillary  hard 
soldered  in  the  wall  at  a  well  known  distance  from  the 
surface.  The  temperature  of  the  cold  body  is  also  measured 
by  a  Pt-resistance  thermometer  similarly  mounted  in  the  wall 
at  a  location  where  it  surrounds  the  hot  body.  The  range  of 
temperature  is  from  -190oC  to  ■fbSOoC,  the  pressure  range  from 
vacuum  to  500  atm. 
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Fig.  1 
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Tho  hot  body  contains  a  haatar  alamant  and  serves  to 
generate  a  themal  potential  between  it  and  the  cold  body  when 
thermal  conductivity  is  to  be  determined.  Likewise  by 
establishing  an  electrical  potential  difference  between  the 
hot  and  cold  bodies  the  fluid  electrical  conductivity  can  be 
measured.  In  the  first  case  Fourier's  Law  is  applied,  in  the 
latter  case  Ohm's  Law.  The  ge<Hnetric  constant,  i.e.,  the 
ratio  of  overall  area  and  average  width  of  the  gap  between 
hot  and  cold  body  for  both  cases,  is  determined  by  capacitance 
measurements  under  vacuum  and  the  value  of  permittivity  of 
free  space.  Measuring  the  capacitance  of  the  arrangement  as 
a  function  of  temperature  will  yield  the  change  of  geometry 
with  temperature  which  allows  the  thermal  expansion  coefficient 
of  the  instrument  material  to  be  computed.  It  will  be  shown 
below  that  repeating  these  roeastirements  under  slightly 
eccentric  positions  of  the  hot  body  within  the  cold  body 
cavity  will  yield  the  thermal  expansion  coefficient  of  the 
centering  rod.  The  change  of  the  Instrument  with  pressure 
can  be  determined  by  observing  pressure  changes  of  capacitance 
with  a  test  fluid  for  whi^  the  dielectric  constant  is  known 
as  a  function  of  pressure.  Measuring  the  capacitance  with  a 
test  fluid  in  the  system  allows  evaluation  of  the  dielectric 
constant  of  the  sample  when  the  capacitance  value  is  divided 
by  the  vacuum  value  observed  at  identical  temperature  and 
corrected  for  possible  change  of  geometry  due  to  pressure. 

In  many  cases  the  index  of  refraction  can  simply  be  computed 
from  the  dielectric  constant. 
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Thm  oMAsurMDmtt  of  capocltanco  arm  carrlod  out  by  a 
throo  load  taehniquo  with  tho  aid  of  a  eapacitanco  bridga 
(Gonoral  Radio:  T3rpa  1615A)  which  for  highost  aontitivity 
oust  bo  balancod  in  rospoct  to  diaaipation.  Thia  yiolda 
togothor  with  tho  froquoncy  of  oporation  tho  a.c.  oloetrical 
conductivity* 

Tho  volumo  of  tho  inatrunont  accomnodating  tho  toat  fluid 
can  bo  dotorminod  aa  ahown  bolow  prociaoly  at  a  givon  condition 
of  tamporaturo  and  proaauro*  From  tho  proportioa  of  tho 
inatrumont  kno%m  tho  volumo  valuo  for  othor  conditiona  can 
bo  computod.  Thoroforo  p-v-T  proportioa  of  vapbra  and  gaaoa 
can  bo  dotorminod  by  obaorving  undor  varioua  apociflc  volume 
conditiona  the  change  of  proaauro  with  tomporaturo* 

Likowiae  vapor  proaauro  can  bo  moaaurod  when  the 
inatrumont  ia  filled  only  with  a  certain  amount  of  liquid. 

If  tho  inatrumont  ia  filled  completely  with  a  liquid  which 
ia  in  contact  with  outaido  inatrumontation  then  ita  volume 
change  with  proaauro  or  temperature  can  bo  obaorvod  and  ita 
comproaaibility  and  thermal  oxpanaion  coofficionta  can  bo 
computed. 

There  are  othor  atoady  atato  meaauring  poaaibilitiea  of 
othor  proportioa  idiich  are  in  part  doacribod  in  (1)— alao 
aomo  othora  under  quaai-atoady  atate.  Thoao  are  not  utilized 
in  tho  proaont  paper.  In  addition  tho  inatrumont  can  be  uaed 
under  unatoady  atato  conditiona  for  the  obaervation  of  aix 
other  proportioa.  Only  one  of  thoao,  namely  tho  determination 
of  thermal  diffuaivity  (and  conductivity),  will  bo  demonatratod 
and  diacuaaod  in  detail  bolow. 
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The  measurements  of  most  of 
the  properties  listed  are  carried 
out  and  made  possible  by  altering 
only  outside  connections  as  shown 
schematically  in  Figure  2  for  the 
electrical  observations.  A  more 
detailed  wiring  is  given  in 
Figure  3  showing  the  arrangements 
for  measuring  power  input  to  the 
hot  body  by  voltage  and  current 
measurements  with  the  aid  of 
standard  resistors  and  a 
potentiometer.  The  current  and 
potential  leads  of  the  heater 
coil  are  connected  by  means  of  a 
master  and  main  switch  to  the 


potentiometer  and  the  standard 


resistors.  In 
another  position  of 
the  master  switch 
the  four  leads  of 
the  heater  coil  (and 
also  those  of  the 
hot  body  thermometer- 
no  t  shown)  are 
combined  and  connected 
to  the  groxmd  wire 
of  the  hot  body. 
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The  80  formed  single  lead  is  connected  in  one  position  of  the 
master  switch  to  the  low  side  of  tha  capacitance  bridge.  In 
another  similar  position  of  the  master  switch*  the  single 
lead  is  connected  to  a  conductance  bridge.  The  eeld  body  is 
connected  to  the  high  sides  of  the  two  bridgeg  b>  *<eans  of 
an  antenna  switch  activated  accordingly  by  thr  ueu ter switch. 
(The  antenna  switch  is  shown  in  the  upper  right  hand  comer 
of  Figure  3.) 

A  considerable  effort  was  spent  to  assure  in  the  wiring 
least  possible  dissipation  in  respect  to  capacitance  measure¬ 
ments  and  highest  possible  d.c.  insulation  in  respect  to 
conductance  measurements.  The  conductance  bridge  (Hone3fwell 
Model  1700)  is  a  Wheatstone  t3rpe  bridge  utilizing  in  their 
arms  two  simultaneously  changeable  standard  resistors  which 
are  of  33  Megohm  value  when  extremely  low  conductivity  values 
are  to  be  observed.  The  wiring  of  the  instrument  represents 
many  parallel  resistors  to  these  bridges  resistors.  For  the 
sake  of  high  accuracy  in  the  measurements  it  was  therefore 
necessary  to  insulate  the  wiring  from  the  shield  as  well  as 
possible.  This  was  adiieved  by  selecting  wires  with  high 
grade  insulation  and  placing  them  in  metallic  and  insulated 
tubes  which  are  connected  to  a  metallic  box  enclosing  the 
masterswitch.  This  box  is  on  shield  or  guard  potential  and 
the  metallic  tubes  represent  shield  or  guard  continuation. 

*The  master  switch  is  a  rotary  switch  with  60  positions 
circumferentially  and  50  positiona  axially.  Prom  the  3000 
possible  switch  combinations  only  300  are  used  for  the  wiring. 
Other  positions  of  master  switch  refers  to  a  different  position 
circumferentially— and  activation  of  other  contacts. 
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Th«  box  is  maintained  continuously  under  a  slight  positive 

pressure  of  dry  nitrogen  which  leaks  out  at  the  open  ends  of 

the  tubes.  Moist  air  therefore  never  can  enter  the  system. 

Dissipation  losses  could  be  disregarded  completely  (at  least 

in  the  most  common  range  of  frequency  used)  and  a  total  d.c. 

12 

resistance  between  wires  and  shield  of  better  than  10  Ohm 
could  be  established  and  maintained. 


Fig.  4  Laboratory 


Figure  4  shows  a  photograph  of  the  experimental  setup  of 
the  laboratory  and  the  arrangements  of  the  operational 
facilities.  Starting  at  the  right  hand  side  Figure  4  shows 


t 
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first  th«  c«paeltanc«  bridge,  next  to  it  the  conductance 
bridge  and  the  maaterswitch.  Further  to  the  left  can  be  seen 
the  potentiometer  and  the  mainawitch.  All  these  bridges  are 
mounted  in  consoles  %diich  are  insulated  from  ground  and 
represent  shield  respectively  guards  which  are  connected  to 
the  mounting  platform  of  the  multi-purpose  instrument  shown 
in  the  center  of  the  photograph.  The  console  on  the  right  hand 
side  of  the  instrument  houses  devices  for  filling  and  emptying 
the  test  fluid,  further  pressure  measuring  equipment  and 
devices  to  observe  volume  dtanges  of  test  liquids.  On  the 
other  side  of  the  instrument  are  located  vacuum  pumps  and 
thermostats.  Further  to  the  left  is  an  automatic  control 
unit  needed  to  heat  or  cool  the  cold  body  to  tlie  temperature 
of  the  calorimeter  container  when  specific  heats  are  measured. 
(See  Ref.  L-specific  heat  measursments  are  not  included  in 
the  present  work.)  Next  to  this  unit  is  a  Mueller  bridge 
used  to  calibrate  with  the  aid  of  a  NBS  standard  the  Pt- 
resistance  thermometers  built  into  the  cell.  The  equipment 
is  arranged  in  such  a  way  that  it  can  be  run  by  a  single 
observer. 

3.  Experimental  Results  Under  Steady  State  Conditions 
3A  Dafrmtjiaclon  of  the  Properties  of  the  Inatrummnt 
3A1  MeaaurameBits  of  the  Geometric  Cenatant  B 

The  geometry  of  layer  of  test  fluid  bounded  by  the  walls 
of  hot  and  cold  bodies  is  given  by 
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t.  t ,  2„  [_1_  +  £:il]  (1) 

L  In  0/d  D-d 

wher«  h  is  the  cylindricsl  length  of  hot  body  and  of  cold 
body's  upper  cavity,  d  and  D  are  their  respective  diameters. 

This  relationship  is  correct  only  for  perfect  geometry, 
i.e.,  homogeneous  field  everywhere.  Influences  of  surface 
roughness  and  interuption  of  the  layer  by  the  bore  at  the 
bottom  and  at  the  top  and  at  the  location  where  the  upper 
and  middle  part  of  the  cold  body  Join  together  are  neglected. 

It  is  impossible  to  correct  the  relationship  analytically 
but  it  is  possible  to  measure  its  true  value  which  includes 
all  the  effects  of  these  disturbances  by  determining  the 
capacitance  of  the  arrangement  according  to  the  equation 

C  -  B  c-  (2) 

O  I 

where  is  the  permittivity  of  free  space,  a  physical 
constant  precisely  known  and  the  dielectric  constant  of 
the  test  fluid.  Measuring  under  facuxim  makes  equal  unity 
and  therefore 

B  -  -S-  (3) 

«o 

This  value  of  B  Is  correct  for  the  measurements  of  the 
transport  properties  only  if  in  those  cases  identical  conditions 
exist,  i.e.,  isopotential  surfaces  and  /or  homogeneity  of  the 
field  can  be  asstnned  or  assured.  For  electrical  measurements 
isopotential  surfaces  normally  can  be  achieved  more  easily 
than  in  thermal  cases.  In  order  to  aid  the  conditions  for 
the  latter  measurements  the  cold  body's  sink  represented  by 


ttim  duum«ls  for  tho  thomostat  fluid  hat  boon  givon  tho 
goomotrleol  ihopo  of  tho  hot  body,  (Tho  Influonco  of  non 
xiniforB  hoot  flow  duo  to  dltturbonco  In  Its  path  will  bo 
dlseuttod  bolow, } 

Tho  voluo  of  tho  copoeitonco  mooturod  and  thoroforo  of 
B  will  havo  a  ninlnum  at  a  position  of  hot  body  within  cold 
body's  cavity  whoro  tho  moat  homogonooua  fiold  ia  proaont. 

In  eaao  of  porfoct  goonotry  thia  position  will  bo  at  a 
porfoctly  eontorod  ono.  Duo  to  tho  diaturbancoa  aiontionod 
abovo  (oapocially  cauaad  by  tho  boroa)  a  minimum  valuo  will 
occur  at  a  a lightly  oecontrie  poaition  in  axial  diroction  aa 
waa  provon  in  (8),  It  ia  of  advantago  to  maaauro  proport ioa 
undor  homogonooua  fiold  conditiona  and  thoroforo  it  waa 
nacoaaary  to  dotormino  thia  poaition,  Thia  waa  a^iovod  by 
maaauring  tho  capacitanco  of  tho  arripgamont  undor  vacuum  and 
conatant  tanporatura  aa  a  function  of  axial  diaplacamont  of 
the  hot  body  in  tho  cold  body*  a  cavity.  The  roaulta  of  tho 
maaauramanta  ara  givan  in  Figuro  5,  The  almoat  parabolic 
curvo  waa  obaorvod  by  moving  tho  hot  body  by  maana  of  a 
acraw  arrangement  from  a  loweat  poaaiblo  poaition  to  tho 
upper  moat  poaition.  The  latter  occura  at  a  loaaar  diaplaco- 
mont  off  cantor  bocauao  of  the  aoaling  arrangamont  batwoan 
the  centering  rod  and  the  upper  cold  body,  Tho  moaauremanta 
wore  carried  out  at  25«C,  In  order  to  eatabliah  tho 
geometric  conatant  for  other  tamporaturoa  of  intaraat  to  tho 
moaaurament  of  tho  tranaport  proportioa  and  tho  dielectric 
conatant  it  waa  nacoaaary  to  dotormino  tho  capacitanco  of 
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SpNrieal  •cctntricity  t(mm) 


TMrning  ongl«  of  th«  ctntoring  tub# 


rig.5  Copodtanco  oo  a  function  of  vtrficl  dloplactniont 
of  hot  body  of  ts  *C  under  vaewum 


the  arrangement  at  minimum 
setting  and  under  vacuum 
as  a  function  of  tempera* 
ture.  The  results  of  these 
measurements  are  shown  in 
Figure  6,  The  data 
observed  under  Increasing 
and  decreasing  temperatures 
scatter  only  In  a  few  cases 
and  then  only  by  thousandths 
of  a  per  cent  around  the 
smooth  curve. 

During  the  measurements 
of  each  point  It  was 
observed  that  the  capaci¬ 


tance  values  given  were  not  established  at  the  Instant 
thermodjmamic  equilibrium  was  reached  but  with  a  certain  time 
lag  of  the  order  of  1/2  hour.  In  the  case  capacitance 
measurements  under  Increasing  temperatures  the  data  Increased 
by  a  few  thousandths  of  a  per  cent  to  the  final  value.  The 
opposite  was  observed  for  measurements  under  decreasing 
temperature.  This  observation  indicates  that  the  change  of 
dimensions  due  to  thermal  expansion  does  not  occur  simulta¬ 


neously  with  a  change  in  temperature. 
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3A2  D«tarminatlen  of  ThariMl  Expanaien  Ceaffieiant  of 
ln«trum#nt  Maf rial  and  Cenfrin^  Rod 

The  capacitance  curve  of  Figure  6  ahovt  an  increase  in 
■lope  with  temperature,  Intpaction  of  equation  1  damonatratea 
that  the  geometric  constant  will  increase  linearly  with 
temperature  for  constant  thermal  mpansion  coefficient.  The 
curvattire  therefore  could  be  explained  by  an  increase  in 
thermal  expansion  coefficient  with  temperature.  An  analysis 
of  the  curve  yields  values  of  the  thermal  expansion 
coefficient  and  its  temperature  dependence  idii^  are  both 
considerably  higher  than  Literature  data.  Therefore  an 
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additional  tamparatura  dapandant  influanca  on  the  capacitance 
maaauramants  oiust  exist.  Those  changes  are  possible  only 
vhan  changing  tamparatura  will  causa  displacement  of  the  hot 
body  relative  to  the  cold  body.  An  axial  displacement  is 
likely  to  occur  for  reasons  that  the  centering  rod  being  a 
structure  composed  of  three  different  metals  and  ceramic  not 
necessarily  has  the  same  thermal  expansion  as  the  material 
of  the  cold  body— despite  the  fact  that  during  the  design 
and  construction  a  matching  of  thermal  expansion  coefficients 
of  the  two  bodies  was  attempted. 

Figure  5  demonstrates  that  an  axial  displacement  in 
either  direction  from  a  minimum  setting  will  increase  the 
capacitance.  The  axial  displacement  due  to  a  temperature 
change  from  25^0  (at  this  temperatxire  hot  body  was  placed 
such  to  achieve  minimum  capacitance  of  the  arrangement)  is 

with  length  of  centering  rod  at  T  ^  25  <>0 

S  ■  Ss 

and  length  of  cold  body  surrounding  centering  rod 

\  ’  Ss  “  * 

for 

Ss  ■  ■  ‘‘25 

•  ■  *-25  <<>R  - 


(5) 
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Increasing  temperature  will  cause  a  motion  of  the  hot  body 
relative  to  the  cold  body  in  a  downward  direction  when  the 
thermal  expansion  coefficient  of  the  rod  is  larger  than 
that  of  the  cold  body  Oj^,  For  motion  in  the  opposite 

direction  will  occur. 

Repeating  the  measurements  of  capacitance  change  with 
temperature  will  determine  if  or  vice  versa  when  in 

the  arrangement  the  hot  body  is  placed  eccentric  at  25 °C. 

The  capacitance  curve  of  the  arrangement  obtained  with 

hot  body  originally  displaced  downward  Is  given  in  Figure  7. 

The  curve  deviates 

from  linear  but  now  by 

a  slope  decreasing  with 

temperature.  This 

indicates  that  axial 

displacement  was  in  an 

upward  direction  and 

therefore  Uo  < 

K  N 

The  curves  of 
Figures  6  and  7  allow 
the  values  of  and 


for  hot  body  (Kiploe^  off  contor 


to  be  evaluated  as  follows. 

The  axis  of  the  centering  rod  is  perfectly  aligned  with 
the  axis  of  the  cold  body.  Similarly  well  aligned  is  the  bore 
accommodating  the  rod  in  the  upper  part  of  the  cold  body  with 
the  axis  of  the  upper  cavity.  Therefore  it  can  be  assumed 
that  eccentricity  in  a  radial  direction  does  not  exist  and 
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will  not  bo  introducod  by  tonporoturo  chongoi.  Tho  curvo  of 
Figuro  5  thoroforo  glvos  only  tho  chongo  of  capacitonco  with 
axial  displacaaiont—and  tho  curvoa  of  Piguras  6  and  7  aro 
influoncod  by  oceontricity  in  axial  diroction  only.  In  tha 
naighborhood  of  tho  miniBum  valua  tha  curve  of  Figuro  5  can 
bo  raprosontod  by  an  aquation  which  raaulta  from  oceontricity 
In  tha  aphorieal  part  of  tho  arranganant  only  aa  waa  proved 
in  Raf.  (8), 


(C  )  -  (C  )  ♦  (C  )  (6) 

•  total  aphara  ®  eyl. 

where  tho  subaeript  a  rafara  to  axial  eccentricity  and  the 
aubacript  o  to  zero  eccentricity  and 


<e  ) 

*  aphara 


®  aphara  +  ^  (• 


0^  a^l 


(7) 


D(D-d) 

ia  tha  capacitance  of  tha  aphorieal  arranganant  influenced 


by  eccentricity,  neglecting  higher  order  tama.  (C  ) 


aphara 


ia  the  capacitance  valua  of  tho  aphorieal  part  of  (C^) 

total 

of  Figuro  5, 

Tha  value  obaarvad  at  25 <>0  in  Figure  7  yialda  from 
Figure  5  or  eq.  6  and  7  tha  initial  axial  diaplacemant.  The 
capacitance  valuoa  obaarvad  in  tha  temperature  range  of 
Figuraa  6  and  7  introduced  into  equations  1,  5,  6  and  7  allow 
tha  thamal  oxpanaion  coefficient  a  of  tho  centering  rod  and 
of  tha  NiaK>nic  80A  wall  material  of  tha  inatrumant  to  be 
dataiininod--at  any  tanparaturo.  Since  tho  computation  ia 
quite  involved  only  averaged  valuoa  (O-lOOoC)  ware  calculated 
Tfith  tha  roaulta. 
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Ojj  «  12.56  X  10"®  (oK)"^ 

a_  -  12,02  X  10"®  (or)-J- 

R 

Of  two  valuos  only  is  of  Intsrsst  to  ths  mssfursmsnts 

with  ths  multi-purposs  instrumsnt  nAihly  for  rsssons  of 
corrscting  ths  volums  of  ths  tsst  fluid  snclossd  within  ths 
csll  whsn  p-v-T,  thsrmsl  sxpsnsion  and  eomprsssibility  srs 
dstsrminsd  si  function  of  csnpsrsturs. 

A  litsrsturs  vslus  of  thscmsl  sxpsnsion  cosfficisnt  of 
Nimonic  80A  (9)  is 

m  11.9  X  10"® 

and  dsvistss  from  ths  vslus  givsn  sbotw  by  approximatsly 

5%,  Ths  wslli  of  ths  multi-purposs  instrumsnt  as  shown  in 

Figure  1  ars  lined  at  its  wsttsd  surfscss  by  a  1  mn  thick 

gold  layer.  Taking  ths  thermal  sxpsiision  cosfficisnt  of 

gold  a  ■  14  X  10”®  (oK)*^  into  account  will  yield  for  ths 
8 

combined  structure  a  higher  cosfficisnt  which  is  in  very 
good  agreement  with  ths  value  computed  from  ths  msasuramsnt, 
Ths  averaging  procedure  followed  for  ths  computation 
introduces  a  certain  degree  of  uncertainty.  But  this  error 
is  small  enough  to  be  neglected. 


rrr; u ’.r.rurT 


The  multi-purpose  instrument  as  discussed  in  section  2 
is  operated  either  with  the  test  fluid  connected  to  outside 
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in«truBi«ntation  or  hotBOtically  toalod.  Thit  is  seeomplithsd 
by  us  ins  two  diffsrsnt  vsLvs  srrsngsttsnti  tsstsd  diffsrsntly 
into  tho  lowsr  part  of  ths  cold  body*  Ths  vslvo  shown  in 
Piguro  I  is  ssstsd  St  s  location  doss  to  ths  lowsr  sphsricsl 
cavity*  In  this  condition  ths  tsst  fluid  is  connsctsd  with 
ths  outsids.  In  csss  p-v»T  data  will  bs  obssrvsd  or  other 
proper  ties  under  constant  volume  conditions  another  valve  is 
used  fihich  is  then  seated  at  a  somewhat  lower  location  and  at 
a  wider  rim*  The  instrument  can  be  evacuated  by  means  of  this 
valve  and  test  fluid  either  can  be  charged  into  the  cell 
through  this  valve  or  by  means  of  the  feed-in  device*  After 
charging  both  devices  will  be  sealed  off*  The  pressure  of 
the  sample  is  then  measured  by  means  of  the  pressure  measuring 
device  which  is  at  the  temperature  of  the  test  fluid  and  its 
readings  thorefore  cannot  be  influenced  by  condensation  and/ 
or  evaporation* 

The  volxime  occupied  by  the  test  fluid  within  the 
instrummt  under  these  different  sealing  conditions  must  be 
precisely  known*  They  were  determined  by  measuring  the 
volume  of  mercury  necessary  to  replace  a  gas  which  fills  the 
instrument  from  vacuum  o  a  preset  pressure*  The  arrangement 
is  shown  in  Figure  8*  The  two  self-eocplanatory  steps  of 
messurements  yield  the  unknown  volume  according  to  the 
equation 


Ml  -  Mo 
V  «  J:. _ t 


(8) 
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where  Is  the  mass  of 

mercury  of  density  p 

observed  in  the  reservoir 

at:  step  I  and  the  mass 

remaining  in  the  reservoir 

after  the  mercury  piston 

compressed  the  gas  charging 

the  instrument  to  the 

original  pressure  P2» 

M,  and  M  were  determined 
1  2 

with  the  aid  of  a  precision 
balance  which  readings  were 
corrected  for  buoyance. 

The  dotted  lines 
surrounding  the  experimental 
set  up  represent  an  isothermal  envelope.  In  the  present  case 
the  laboratory  itself  was  maintained  by  controlled  heating 
and  cooling  at  a  temperature  of  28.15°C.  The  volumes  observed 
at  this  temperature  are: 

a, ,  Valve  seated  at  upper  rim;  ■  83,8730  cm^  ±  0,0018  cm^ 

3  o 

b, .  Valve  seated  at  lower  rim:  *5  84,2284  cm  ±  0,0007 

These  values  can  be  corrected  for  other  temperatures  by  means 
of  djj. 

Together  with  the  geometric  constant  the  most  importsmt 
properties  of  the  instrument  itself  are  therefore  known  and 
properties  of  test  i  samples  can  be  determined  absolutely  and 
with  high  accuracy.  Obviously  in  addition  it  is  necessary  to 


<l«t«rmin«  tiungas  of  voltuno  and  of  goomotric  constant  with 
proasturo.  Duo  to  tho  coaplaatity  of  the  geomatry  only  an 


•stinato  can  ba  mad#  analytically* 

For  this  it  was  aaaumad  that  tha  voluma  of  tha  call  la 
ancloaad  in  a  cylla^^r  of  inaida  bora  aqual  In  diamatar  to 
tha  bora  of  tha  uppar  cavity  and  of  Idantlcal  wall  thlcknaaa. 
For  an  Inflnltaly  long  cyllndar  (Inaida  praaaura  ■  p 


outaida  praaaura  p^  ■  0) 


.  i  (o,  .  )  -  £  [. 

f  E  t  r  E 


p  ^(gp/r^)  »  1 

(ro/ri)2  -  1 


+  .  ] 


(9) 


whara  r^  ■  inaida  cadiua 

r^  ■  outaida  radiua 
o 

E  •  modula  of  alaaticlty 
V  ■  Polaaon'a  ratio 
For  p  m  500  atm 


■  17*5  mn 
K  45  mn 

-  1.9  X  10^  kp/an^ 

-  0.3 


^  -  4,36  X  10*^  and 
r 

^  -  8.72  X  10’^ 

V 

The  dianga  of  voluma  la  laaa  than  .1%  and  will  be  approximately 
.1%  whan  tha  change  of  volume  of  the  hot  body  la  Included. 

Tha  raal  volume  dumge  with  pressure  will  ba  amallar  for 
raaaona  of  the  heavier  walla  of  tha  spherical  cavity  which 
occupies  approximately  75%  of  the  total  volume. 

The  remaining  tmcartaintlaa  In  determining  tha  volume  aa 
a  function  of  internal  pressure  therefore  might  be  of  the 
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order  of  e  f«v  hundredthf  of  a  par  cant  at  hlghatt  praasura 
and  nagligibly  amall  at  lower  praaauraa. 

The  fituatlon  la  mudi  aiora  critical  in  raapaet  to  the 
geometric  constant  bacauaa  tr  is  relatively  large  compared 
to  the  layer  of  teat  fluid.  Together  with  the  decrease  of 
diameter  of  hot  body  the  total  increase  in  width  will  be 
2.6%  at  500  atm.  This  large  influence  necessitates  a  more 
careful  evaluation  as  follows. 

Equation  1  can  be  rewritten 


2n 


c- 


In  D2i/d2 


+ 


(10) 


the  subscript  2  refers  to  the  dimensions  of  the  hot  and  cold 
bodies  under  a  different  pressure  than  when  B  was  determined. 

cannot  be  analysed  properly  but  it  can  be  determined  by 
measurenents  of  capacitance  with  a  test  fluid  of  known 
dielectric  constant  at  two  (or  more)  different  pressures. 


e 

o 


e 

o 


observed  at  pressure  p^^ 

(Preferably  1  atm— since  is  known) 

observed  at  pressure  p^ 


Introducing  B 


3 


C2  e 

c^T 


2 

1 

2 


0Bj^  yields 


(11) 


Measurements  with  helium  at  1  and  15  atm  and  20«C  resulted  in 
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3  -  ^>36.878  X  1.000065  ,  955^9 
156.913  X  1.000650 

wh«r«  €2  evaluated  from  Cj^  by  atsuming  perfect  gai 
behavior.  8  Indicate!  a  decrease  in  geometric  constant  by 
.08%.  Linear  extrapolation  to  500  atm  yields  2.69%  a 
slightly  higher  value  than  estimated  above  which  is  under¬ 
standable  because  the  analysis  regarded  only  changes  in 
radimi.  direction. 

If  the  diange  of  dimensions  of  each  of  the  terms  in 
equation  (10)  could  be  evaluated  properly  in  terms  of  p  and 
E  the  latter  could  be  evaluated.  But  only  when  the  pressure 
does  not  introduce  eccentricity  in  the  arrangement. 

The  measurements  of  8  will  include  possible  eccentricities 
^ich  are  only  a  function  of  geometry  and  properties  of  the 
instrument  and  the  pressure  forces.  8  itself  therefore  is  a 
property  of  the  instrument  and  must  be  remeasurable  tinder 
identical  pressures  independent  of  the  test  substance,  as 
long  as  the  respective  fluid  is  ideal  and  can  be  computed 
properly.  If  measurements  with  a  gas  do  not  reproduce  0 
then  the  gas  is  not  ideal  and  the  deviation  in  0  is  a  measure 
of  the  deviation  from  perfect  gas  conditions  for  this  sample 
at  the  respective  pressure. 

Since  £  is  practically  temperature  independent  0  will 
remain  constant  with  temperature  when  corrected  for  thermal 
expansion.  The  change  of  geometry  with  pressure  observed 
above  can  be  used  to  determine  a  pressure  coefficient  of  B 
by  introducing 
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B«  «  B,  (I  -  a  AP)  (12) 

^1  p 

which  yields  with  0 

o  -  57.9  X  10"®/stm 
P 

Changing  praasurea  from  1  atm  to  vacuum  will  rasult  in  an 
incraase  of  B.  Whanavar  a  gaa  of  suscaptibility  •  57.9  x 
10**^  is  in  tha  syatam  than  changing  tha  prassura  from  1  atm 
to  vacuum  will  not  change  tha  capacitance  daspita  tha  fact 
that  tha  dielectric  constant  of  the  gaa  dacraasas  to  unity. 
For  gasaa  having  a  suscaptibility  smaller  than  57.9  x  10'^ 
the  capacitance  of  the  avaeuatad  system  will  be  larger  than 
at  I  atm.  This  effect  was  obaturved  with  tha  multi-purpose 
instrument  at  elevated  temperatures  and  helium  as  the  test 
gas. 

The  temperatures  as  already  stated  above  are  measured 
by  means  of  resistance  thermometers  made  out  of  standard 
grade  platinum.  These  thermometers  mounted  and  sealed 
securely  into  tha  instrument  were  calibrated  in  place.  The 
properties  observed  were  used  to  compute  tables  with  one 
thousandths  of  a  degree  Kelvin  interval. 

The  properties  of  the  thermometevs  are: 

a  25.6168  Ohm 
o 

a  a  0.003924846 

Standard 

6  a  1.55367 

0  a  0.110 
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Hot  Body 


R  •  1.62968  Ohm 
o 

a  -  0.003919673 
5  *  1.61647 

0  m  0.110 


Cold  Body 


R  tt  1.73489  Ohm 
o 

a  -  0.003912994 
6  -  1.59571 

0  m  0.110 


The  pressure  is  nessured  by  means  of  mercury  or  water 
manometers,  by  celibrated  Heise  gauges  and  by  a  pressure 
balsmce.  Unfortunately  the  pressure  balance  only  covers  the 
range  250  to  500  atm.  The  measursments  of  this  report  were 
restricted  for  small  pressure  ranges  whenever  precision  in 
the  readings  were  necessary.  It  is  hoped  that  funds  become 
available  to  cover  the  total  range  of  pressure  measurements 
with  more  sensitive  and  reliable  instruments.  The  pressure 
measuring  device  mentioned  above  observes  the  pressure 
indirectly  by  means  of  a  diaphragm  opening  and  closing  an 
electrical  contact.  At  contact  position  the  diaphragm  is 
very  sensitive  but  due  to  the  fact  that  it  was  not  perfectly 
flat  %fhen  mounted  into  the  device  a  slight  pressure 
differential  must  be  overcome  first.  This  value  has  been 
determined  and  is  known  to  a  fraction  of  .1  mm  Hg  for  the 
temperature  range  of  the  measurements. 
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3B  PatTmiaMtitMi  of  VtIoui  Prctwrti—  cf  SmlmczmA  S\ihmtmncf<L 
3B1  Thmal  CoBduetivitv  ef  Haliim  Mt  20  and  3€_oC  in  a 
Rang#  of  Pr«««ur# 

Th«  mMisur«n«ntt  of  thomal  conductivity  woro  tho  most 
critical  onoa  for  raasons  that  thoy  not  only  cho^  a 
conaidarabla  part  of  tho  total  ayatam  but  moat  of  all  tho 
quality  of  tho  gold  bond*  Valuoa  obaorvod  too  low  would 
indicato  a  faulty  bond  for  roaaona  of  apparontly  too  high 
valuoa  of  tamporaturo  difforoneo.  An  inaufficiont  und/or 
non-unifom  bond  obvioualy  would  in  addition  influonco  or 
poaaibly  ovon  provant  tho  moaauramonta  of  moat  of  tho  othor 
proportioa*  It  waa  thoroforo  a  groat  roliof  whon  tho  firat 
valuo  of  thormal  conductivity  ovor  moaaured  with  tho  multi- 
purpoao  inatrument  waa  idontical  to  the  data  given  in 
Ref.  (10).  Further  moaauramonta  under  incroaaing  and 
dacreaaing  proaatira  agreed  very  aatiafactorily  with  tho  well 
oatabliahod  proaauro  dopondonco  of  helium  for  the  two 
iaothorma.  Tho  hump  in  tho  curve  obaorvod  firat  in  (10) 
aeama  to  bo  verified  by  tho  moaauraraonta.  Tho  data  given  in 
Figure  9  waa  computed  from  tho  moaataramonta  of  AT  between 
hot  and  bold  body  and  tho  power  input  q  and  tho  geometric 
conatant  at  tho  roapoctivo  tamporaturoa  from  Fourier 'a  Law. 

k  .  -3-  (13) 

BAT 

B  waa  corrected  for  change  of  proaauro  and  for  tho  influonco 
of  T|^  ^  Other  corractiona  woro  not  applied  for  roaaona 
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that  radiant  heat 
transfer  between 
the  highly  polished 
gold  surfaces  Is 
very  small  In  this 
temperature  range. 
Free  convection 
practically  does 
not  exist  because 
of  very  low  Rayleigh 
number,  and  lead* in 
losses  also  are 
very  small  in 
accordance  with 
Ref.  (11). 

^^  0  I  2  3  4  9  6  7  0  9  10  II  12  13  M  45  16  17  16  19  20  21  22 

P - ^(ATM)  "T® 

FIG.9  THERMAL  CONDUCTIVITY  OF  HELIUM  GAS  vt.  PRESSURE  knowledge  Of  the 

author  it  is  the 

first  time  that  a  correction  for  a  temperature  drop  in  the 
walls  was  also  not  necessary.  Due  to  the  proper  mounting  of 
the  thermometers,  the  true  surface  temperature  existing  at 
the  regions  outside  the  ranges  of  xinhomogeneous  heat  flow  in 
the  wall  is  measured.  This  was  proved  in  (1  and  12).  In 
(12)  it  was  also  shown  that  the  disturbances  of  the  heat 
flow  by  the  sensing  elements  in  the  walls  does  influence  the 
geometric  constant  by  only  a  negligibly  small  amount. 
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Th«  data  in  Figure  9  acatter  by  .2%  around  the  smooth 
curve.  This  scatter  possibly  results  from  the  fact  that 
after  each  presstire  change  not  enough  time  was  allowed  to 
reestablish  thennod3mamic  equilibrium.  This  was  proved  by 
measuring  the  time  needed  by  the  gas  to  reach  its  original 
temperature  after  a  presstire  change.  The  instrument  itself 
was  kept  at  a  constant  temperature.  The  time  observed  was 
approxisiately  equal  to  the  time  normally  allowed  between  the 
readings  taken  at  different  pressures.  Providing  more  time 
resulted  in  a  lesser  scatter  as  demonstrate  for  the  30^0 
isotherm  of  Figure  9, 

3B2  Measurements  ef  Dl^laetrie  Constant.  Thermal  Cenductivitv 
and  p»v«T  Data  of  Bltreaem  at  Three  Constant  Densities 
in  a  Temperature  Rsnss  0-100 oC.  And  Evslustloa  ef 
Suscentlbilitv-  and  Indeac  of  Refraction. 

The  instrument  %?as  evacuated  and  pressurized  several 

S 

times  with  high  purity  nitrogen  gas  and  finally  sealed 
hermetically  after  enough  mass  had  entered  to  establish  a 
certain  pressure  at  ambient  temperature.  After  equilibrium 
was  established  pressure  and  temperature  were  recorded  and 
the  capacitance  measured.  Power  was  then  provided  for  the 
heater  coil  in  order  to  establish  a  steady  state  temperature 
difference  for  the  measuremmits  of  thermal  conductivity. 

This  procedure  was  repeated  stepwise  xinder  increasing 
temperatures  up  to  100 and  then  under  decreasing  tempera¬ 
tures  until  Qoc  was  reached.  Finally  the  measurements  taken 
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at  ambient  conditions  were  repeated.  Identical  results  of 
the  readings  especially  in  respect  to  pressure  gave  assurance 
that  the  system  had  been  sealed  perfectly.  All  measurements 
therefore  were  taken  at  constant  mass  conditions.  The  valve 
was  then  opened  and  the  instrument  was  charged  with  an 
additional  mass  of  nitrogen  and  a  second  set  of  data  taken  In 
a  similar  way  as  demonstrated  above. 

The  pressures  observed  were  corrected  for  the  volume 
change  of  the  Instrument  due  to  thermal  eocpansion.  There¬ 
fore  the  curves  given  in  Figure  10,  11,  and  12  refer  to 
constant  density  conditions.  The  density  values  were 
calculated  by  means  of  thermod3mamic  relationships.  Normally 
it  is  anticipated  to  determine  the  mass  introduced  into  the 
system  before  and/or  after  the  test. 
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The  pressure  curves  appear  to  be  linear  in  the  graphs 
but  the  data  demonstrate  for  each  plot  a  different  curvature 
which  will  be  used  later  and  when  more  measurements  have  been 
completed  to  evaluate  compressibility  factors  and  virial 
coefficients.  The  same  figures  show  also  the  measurements 
of  the  dielectric  constant.  These  values  remain  practically 
constant  with  temperature  as  was  expected.  The  scatter  of 
the  values  is  very  small  and  mainly  caused  by  small  deviation 
from  thermodynamic  equilibrium  conditions;  i.e.,  the  tempera¬ 
tures  of  the  hot  and  cold  bodies  were  not  identical. 
Temperature  differences  of  the  order  of  one  hundredth  of  a 
degree  will  influence  the  readings  of  e  by  one  thousandth  of 
one  per  cent.  For  the  hot  body  warmer  than  the  cold  body  e 
apparently  will  be  higher. 
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»ojHMOioo$io  320  ix  M  fu  m  m  m 

Twnptralurt  T  CK) 

rig.12  PrMturt  t  DMictrk.  Constant  Of  Nitrogtn  Vs.  Tsmpsratur*  At  Constant  Dsnsity 


A  similarly  small  temperature  deviation  of  the  tempera¬ 
ture  difference  will  cause  errors  in  thermal  conductivity  of 
the  order  of  1  per  cent.  Which  demonstrates  again  that  those 
measurements  are  much  more  difficult  to  achieve  and  much  more 
attention  is  necessary.  The  thermal  conductivity  data 
observed  at  the  three  different  values  of  density  are 
represented  in  Figure  13  by  a  single  curve.  Each  point  on 
the  curve  represents  an  averaged  value  of  the  data  measured 
under  the  three  density  conditions  and  at  the  respective 
temperatures.  The  deviation  between  the  readings  were  small 
and  of  the  order  of  a  few  tenths  of  a  per  cent.  The  thermal 
conductivity  of  nitrogen  therefore  can  be  reported  as 


(c-l) 


f 
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pressure  independent  in  the  small  pressure  range  of  the 
measurements  and  within  the  accuracy  of  the  determination. 
The  values  rgree  very  well  with  KBS  data  (13)  but  are 
approximately  one  per  cent  higher  than  recommended  by  TPRC 
(14). 


From  the  values  of  dielectric  constant  and  density  the 
specific  susceptibility,  the  polarizibility  and  index  of 
refraction  can  be  computed. 


The  constant  density  measurements  of  p  and  e  taken  close 
to  atmospheric  conditions  as  shown  in  Figure  11  resulted  in 
a  value  of  susceptibility 

e  -  1  *  605  X  10"® 
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Applying  th«  relationship 

c  ••  1  M  4tt  m  /  a  /  \ 

—■  ■■"  *"  ■  T’  allows  (1^) 

e  +  2  P  3  ^ 

evaluation  of  the  polar izibility  of  nitrogen.  With  M  «  28 

q 

the  molecular  weight  of  nitrogen  p  «  1.2723  kg/m  the 

•25  ^ 

density  and  ■  2.68719  x  10  Itot  Loschmidt's  number  one 
obtains 

a  ■  17,58  X  l0"^^cm^ 

-95 

which  is  practically  identical  to  the  value  of  1/.6  x  10 
q 

cm*'  given  in  literature. 

The  pressure  observed  under  constant  density  conditions 
at  20oC  was  829.4  mm  Hg.  Reducing  the  value  for  comparison 
reasons  to  760  mm  Hg  yields 

(«)20«c,760  ■  1*000554 

which  deviates  only  by  6  ppm  from  the  value  given  in  NBS 
circular  537,  According  to  Maxwell 

n^  ■  s  (15) 

and 

<">20,760  ■ 

This  value  reduced  for  comparison  reasons  to  0«C  yields 
<">0,760  *  ^-“"”7 

which  again  is  in  agreement  with  data  listed  in  Smithsonian 
tables. 


The  vapor  thermal  conductivity  of  this  substance  is 
known  only  for  a  single  point  which  is  in  lar^e  disagreement 
with  data  estimated  later.  The  test  material  used  for  the 
investigation  is  of  "Food-grade"  purity  and  was  furnished  by 
DuPont  under  the  trade  name  Freon  C-I38.  The  measurements 
were  carried  out  under  increasing  and  decreasing  temperatures 
by  holding  the  pressure  constant  at  760  Torr, 


2T02t02W  300  1l0  3201X  liOlWHOmm 

TMnptrotur*  T  ('K ) 

Fig.  14  Thtnml  Conductiviy  t  OMtctric  Coralonl  Of  C(F|  Vapor  At  I  Aim.  At  A  Fmctlon  Of  Ttiriptralur* 


The  values  of  thermal  conductivity  and  dielectric  constant 
observed  are  given  in  Figure  14.  The  thermal  conductivity 
curve  agrees  in  curvature  and  slope  with  the  estimated 
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tamp^ratur*  dapandance  shown  in  DuPont's  Bulletin  C-30A.  The 
values  of  conductivity  naasurad  are  lower  by  2%.  The  single 
point  given  in  Bulletin  EL-1  is  lower  by  15  rasp.  17%. 

The  OMssurad  values  of  dielectric  constant  decrease  with 
teoiparature  due  to  the  decrease  in  density.  The  data 
practically  have  no  scatter  around  the  smooth  curve  but  the 
one  point  observed  close  to  saturation  condition.  A  single 
literature  value  (15)  observed  at  283.160K.  agrees  with  the 
measured  data  within  a  few  thousandths  of  a  per  cent. 

3B4  Vapor  Pressure  Measurements  of  Methanol*  in  the 

Tcaptramt  RinM 

The  instrument  was  first  filled  with  vapor  and  evacuated 
repeatedly.  After  high  purity  conditions  of  the  vapor  could 
be  expected  within  the  cell  an  additional  small  amount  of 
sample  in  liquid  form  was  charged  into  the  instrument  which 
then  was  sealed  hermetically.  The  vapor  pressure  was 
determined  by  means  of  the  diaphragm  device  and  a  mercury 
manometer. 

The  pressures  observed  luider  increasing  and  decreasing 
temperatures  in  a  first  run  were  higher  than  values  cited  in 
physical  tables  (16).  This  disagreement  could  have  been  a 
result  of  leakage  of  air  into  the  system  at  low  temperatures, 


*Purlty  99.96%  (Impurities:  .039%  H2O 

.001%  acetone 
.002%  CHOOH 


low  protfuro  conditions.  But  this  was  rulsd  out  by 
remeasuring  exactly  the  value  irtiich  had  been  taken  at  low 
pressure  and  before  the  temperature  had  been  raised.  Since 
the  literature  data  were  regarded  as  correct  and  because  the 
measuresients  of  pressure  cannot  be  faulty  by  the  amount 
observed  only  the  test  fluid  itself  siust  have  provided  the 
conditions  for  the  different  readings. 

The  correctness  of  this  reasoning  easily  could  be  checked 
by  measuring  other  properties  of  the  vapor  known  at  certain 
conditions.  The  measurements  of  thermal  conductivity  and 
dielectric  constant  at  these  respective  conditions  yielded 
results  which  did  not  agree  with  literature  data*  In  case 
of  thermal  conductivity  the  value  measured  was  too  high;  the 
dielectric  constant  was  too  low.  Both  results  indicate  that 
not  pure  vapor  but  a  mixture  possibly  with  moist  air  was 
present.  (This  desoonstrates  one  of  the  features  of  the 
multi-purpose  instrument;  namely  that  the  measurements  of 
more  than  one  property  allow  checking  if  anomalies  or 
deviations  observed  in  one  of  the  properties  really  exist. ) 

The  methanol  was  delivered  in  a  bottle  not  sealed 
hermetically  and  it  must  be  assumed  that  moist  air  and/or 
other  gases  were  absorbed  by  the  fluid  in  time.  Boiling  of 
the  sample  at  low  temperature  yielded  better  results  of  the 
vapor  pressure  which  are  still  slightly  higher  than  the  table 
values  represented  by  the  solid  curve  in  Figure  15  but  they 
are  in  a  very  good  agreement  with  newer  data  (17). 
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Physical  Toblts  (Rsf.  •) 
Latsst  Evol^jation  (Rtf  n) 


Prtstnl  Work 


39 


log  p  *  -  . .  -  -  +  b  (17) 

c  4  tCocl 

when 

a  -  1474.08 
b  -  7.89750 
c  «  229.13 

3B5  Datarmination  of  Tharaal  Conductivity.  Dialactric 

Conataat.  Elactrical  Con«hietivltT  and  Piaaipation  Paetcr 
of  Fq  Limiid  at  15  atm  la  tha  Taiparafaira  Raaaa  Q-fiQoC. 

Tha  inatrumant  flrat  waa  f Iliad  with  pura  vapor  undar 
vacuum  and  than  connactad  by  maana  of  a  valva  to  a  raaarvolr 
containing  tha  taat  aubatance  xutdar  Ita  vapor  praaaura— >whlch 
forcad  tha  liquid  to  antar  tha  ayatam.  Tha  dacraaaa  of 
walght  of  tha  raaarvolr  waa  obaarvad  and  whan  tha  conditions 
of  complate  charging  was  assurad  tha  liquid  In  the  reservoir 
was  pressurized  further  to  15  atm  with  nitrogen.  All  the 
measurements  ware  carried  out  undar  constant  pressure  at 
15  atm  assuring  that  boiling  could  not  occur  at  the  highest 
test  temperature. 

Tha  reservoir  Is  connactad  with  the  cell  by  high 
pressure  tubing  of  small  Inside  bora  and  of  such  a  length 
that  tha  liquid  within  tha  Instrument  will  not  be  contaminated 
by  diffusion  of  even  In  a  vary  long  time. 

Tha  observations  of  the  properties  ware  carried  out  by 

measuring  heat  Input  4T  and/or  capacitance  and  computing  the 
properties  with  tha  respective  aquations  and  the  geometric 
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constant  corrected  for  pressure  and  temperature*  The  results 
are  g^ven  in  Figure  16.  It  can  be  seen  that  e  and  k  decrease 
with  temperature  but  the  curves  have  opposite  curvature. 


The  thermal  conductivity  data  are  in  very  good  agreement 
with  values  observed  at  lower  pressures  and  listed  in  (18,19). 
The  single  observation  by  (18)  is  identical  to  the  data  of 
the  curve  at  the  respective  temperature.  The  values  of  (19) 
are  a  few  tenths  of  a  per  cent  higher  than  the  present  data. 

Measuring  the  capacitance  necessitates  balancing  the 
bridge  for  dissipation.  The  dissipation  factor  is  observed 
by  direct  read-out  of  the  bridge. 

The  conductance  bridge  connected  by  means  of  the  master- 
switch  to  the  system  measured  directly  the  conductance 

G  .  X  ^  \  B 
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From  this  the  d.c.  electrical  conductivity  \  is  obtained. 

Dissipation  (observed  at  1  kHz)  and  electrical 
conductivity  are  of  very  low  value  as  can  be  seen  in 
Figure  17,  Dissipation  and  electrical  conductivity  remain 
practically  constant  in  the  low  temperature  range. 


Fig.!?  Bectrtal  Conductivity  And  Dissipation  Factor  Of  C^Fj  At  IS  Atm.  V.S.  Tomporaturt 

At  temperatures  above  40oC  measurements  were  difficult 
to  obtain  for  reasons  of  fluctuations  in  the  readings.  The 
values  of  the  properties  increase  as  indicated  by  the  dotted 
lines.  These  lines  represent  readings  averaged  over  the 
range  of  fluctuation  and  must  be  regarded  as  inaccurate  to  a 
certain  degree. 

The  unstable  measurements  could  be  a  result  of  impurities 
introduced  into  the  liquid.  The  impurities  might  bentnute 
residues  of  previous  test  samples  which  had  remained  on  the 
walls.  They  became  dissolved  by  the  Freon  in  time  and  the 


particles  started  to  move  tinder  the  influence  of  the 
electrical  field  at  higher  temperature  when  the  viscosity 
became  low  enough. 
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3B6  Dacegmlnetton  of 


mal  Expension  Coefficient  of  Lieuld 


Benzene  at  1  atm  at  Various  Temperatures 


The  instrument  was  filled  completely  with  the  liquid  in 
the  same  way  as  described  above.  The  cell  was  then  prepared 
for  the  measurements  simply  by  closing  the  valve  at  the 
reservoir.  The  liquid  within  the  cell  is  now  only  connected 
with  a  pressure  balance  arrangement.  The  free  piston  properly 
loaded  maintains  the  pressure  in  the  test  fluid.  Measuring 
the  motion  of  the  piston  when  the  temperature  of  the 
instrument  is  changed  by  a  value  of  4T  allows  evaluation  of 
the  thermal  expansion  coefficient  from  the  volume  displaced 
and  the  volume  of  the  instrument  at  the  respective  pressure 
and  temperature. 

The  measurements  were  carried  out  at  several  temperature 
levels . 

Since  the  motion  of  the  piston  is  limited  to  approxi¬ 
mately  2  cm  and  because  the  volume  displaced  is  rather  small 
it  is  necessary  to  bleed  some  of  the  liquid  back  into  the 
reservoir  (at  a  slightly  lower  pressure)  in  order  to  bring 
and  hold  the  piston  in  proper  starting  position.  Obviously 
the  smaller  the  amount  of  liquid  released  the  smaller  the 
temperature  increments  between  the  measurements. 


43 


The  value* 
measured  at 
different  tempera¬ 
tures  are  given  in 
Figure  18.  The 
solid  curve 
represents  data 
of  physical  tables. 
The  measured 
points  scatter 
around  this  curve 

by  a  few  tenths  of  a  per  cent. 

4.  Unsteady  State  Experiments. _ A  Tecfanioue  for  Precise 

Determination  of  Heat  Transfer  in  the  Absence  ef  Tempera¬ 
ture  Measurements  an<l  its  Extended  Applieaticn  te 

PrgP,ggtAflA 

Under  section  2  of  this  paper  it  was  pointed  out  that  the 
multi-purpose  instrument  ccm  also  be  used  under  conditions 
other  than  steady  state.  In  this  paper  only  the  procedure 
for  the  unsteady  observation  of  one  property  is  included. 

The  procedures  followed  to  determine  thermal  diffusivity 
(and  conductivity)  represents  a  novelty  in  measuring  thermal 
properties  and  heat  flow  (i.e. ,  heat  transfer)  insofar  as  the 
observations  are  carried  out  in  the  absence  of  temperature 
measurements.  But  by  very  sensitive  observation  of  other 
quantities  depending  on  true  surface  conditions  which  other¬ 
wise  can  be  determined  inaccurately  or  indirectly  only. 


Fig.tS  Thermal  Expansion  Cooff latent  Of  CgHg  V.S.  T.mp«raturo 


»-<tf»*«>Q=?-**Wiiiiii|P«iiix  wiifliimipni 
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A  short  description  of  the  technique  is  included  for 
the  sake  of  demonstration,  A  detailed  analysis  will  be  given 
elsewhere  (20). 

The  technique  easily  can  be  followed  as  demonstrated  in 
Figures  19,  20,  21  and  22.  Figure  19  shows  schematically  a 


Fig.  ‘19  Multipurpose  instrument  used  in  transient  conditions  to  determine 
thermal  diffusivity  of  test  fluids 

cross -sect ion  through  the  multi-purpose  instrument.  Hot  body 

and  cold  body  are  properly  connected  to  the  capacitance 

bridge.  The  cold  body  originally  is  kept  at  a  constant 

temperature  T  by  means  of  the  thermostat.  At  time  t  s  0 
o 

the  thermostat  begins  to  heat  (or  cool)  the  cold  body 
continuously  or  to  a  new  steady  value  T.  The  test  fluid 
enclosed  in  the  gap  between  hot  and  cold  body  is  considered 
to  be: 
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a.  a  perfect  insulator 

b.  a  perfect  conductor 

c.  a  finite  conductor. 


Fig.20  Schemotics  of  T«f(t)  for  hot  and  cold  bodies  and 
C«  f(T,t)  for  cose  o,  test  fluid  is  a  perfect  insulator 

The  heat  input  to  the  cold  body  obviously  never  will  be 
noticed  by  the  hot  body  when  the  test  fluid  is  a  perfect 
insulator.  For  a  perfect  conductor  it  will  change  its 
temperature  simultaneously  with  the  cold  body.  In  case  of  a 
real  substance  the  hot  body  will  follow  after  a  certain  time 
lag  the  temperature  change  of  the  cold  body. 


Fig.21  Schematics  of  T^fCt)  for  hot  and  cold  bodies  and 
C>  f  (T,t)  for  cose  b,  test  fluid  is  a  perfect  conductor 


The  temperature  change  experiei.ced  by  the  two  bodies 
under  constant  or  limited  heating  are  given  schematically  in 


Fig’jre  20,  21  and  22.  (Under  cooling  the  effects  will  be 
similar. ) 


Time  t  Time  t 

Fig.22  Schematics  of  T*  f(t)  for  hot  and  cold  bodies  and 
C«  (T.t)  for  case  c,  test  fluid  is  a  finite  conductor 


The  temperature  change  within  each  of  the  two  bodies 
will  be  uniform  (therefore  identical  the  change  of  surface 
temperature)  for  sufficiently  small  Bi-numbers.  The  poor 
heat  transfer  of  the  thermostat  fluid  guarantees  those 
conditions.  The  dimensions  of  the  bodies  change  therefore 
with  temperature  only  due  to  thermal  expansion.  (Changes 
due  to  stress  can  be  neglected.)  Eq.  (1)  demonstrates  that 
the  change  of  dimension  will  cause  a  change  of  capacitance. 
These  capacitance  dianges  are  given  schematically  also  in 
Figures  20,  21  and  22  for  the  respective  test  fluids. 


For  four  different  cases  where  the  heat  transfer  between 
the  two  bodies  varied  from  good  to  poor  the  method  has  been 
checked  by  using  as  test  substances  helium,  nitrogen,  argon 


47 


and  vacuum.  In  the  latter  case  heat  transfer  occurs  only 
along  the  centering  rod,  by  radiation  and  residual  molecular 
conduction. 

The  results  of  the  measurements  are  given  in  Figure  23. 
The  change  in  capacitance  observed  verifies  the  change 
predicted  in  Figure  22.  (The  initial  and  final  capacitance 
values  of  each  curve  divided  by  the  C^-value  of  Figure  6 
yield  the  dielectric  constant  of  the  test  substance  at  the 
respective  temperatures.)  The  maximum  change  in  capacitance 
measured  in  helium  is  approximately  one  order  of  magnitude 
less  than  in  the  case  of  vacuum  and  new  steady  state 
conditions  were  established  five  times  faster. 

The  maximum  capacitance  change  observed  in  helixim  is  of 
the  order  of  .05%.  This  accounts  for  a  similar  change  in 
gap  width  (nominal  .5  mm)  of  2.5  x  10*^  mm.  If  one  assxanes 
that  the  maximum  change  occurred  at  a  time  when  the  cold 
body  only  had  changed  in  temperature  than  its  excess  tempera¬ 
ture  was  approximately  l^C.  (Free  convection  can  be  assumed 
negligibly  small.) 

This  is  the  maximum  temperature  difference  between 
cold  and  hot  bodies.  In  accordance  with  Figure  22  it  will 
decrease  in  time  and  finally  become  zero. 

The  sensitivity  of  the  instrumentation  it.  so  high  that 
change  of  capacitance  of  the  order  of  .001%  can  be  detected. 
This  refers  to  a  change  in  gap  width  of  the  order  of 
5  X  10*^  mm  which  in  turn  is  identical  to  the  diange  in 
diameter  the  cold  body  will  experience  when  heated  by 
2  X  10"^  oC. 


TIME  (Minutes) - ► 

O  Chonge  Of  Copacitonce  With  Time  Ot  MPi  For  The  Measurement  Of  Thermal  Oitfusivity  Ot  Fluids 
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The  capacitance  time  curves  observed  are  perfectly 
similar  and  can  be  made  to  form  a  single  curve  by  proper 
reduction.  Due  to  the  complexity  of  the  geometry  an  analysis 
Is  Impossible.  Therefore  calibration  becomes  necessary  and 
the  meat;  irements  will  be  relative  ones  only. 

Another  systsm  of  simple  geometry  easily  could  be 
built  idiich  could  be  made  of  lesser  heat  capacity.  Absolute 
and  much  faster  measurements  would  then  be  possible. 

The  meastirements  by  this  technique*  utilize  electrical 
observations  directly.  This  demonstrates  the  advantage  of 
using  it  for  remote  control  measurements  of  heat  transfer 
and  properties  in  many  Instances.  Since  diffuslvity,  thermal 
conductivity  and  dielectric  constant  are  observed  simultane¬ 
ously  the  measurements  also  could  be  used  for  qtiality  control 
and/or  to  determine  the  test  substance  in  cases  in  which  the 
sample  is  not  known  before  hand. 

The  analysis  of  the  tedmique  and  more  detailed  infor¬ 
mation  of  its  use  are  outside  the  scope  of  this  report--and 
will  be  given  in  another  paper  as  already  stated  above. 

5-  SmHMrv  and  Future  Proarm 

The  meastirements  of  the  various  properties  carried  out 
so  far  have  indicated  that  the  data  observed  compare  favorably 
with  literature  values  of  separately  measured  properties.  It 
is  safe  to  assume  that  the  determination  of  the  properties  of 


^Patent  disclosed  by  W.  Leidenfrost. 


50 


th«  instnxment  and  instrument  material  in  all  cases  did  aid 
the  research  on  test  fluids.  In  some  of  the  cases  it  was 
demonstrated  that  the  capability  to  measure  more  them  one 
property  under  perfectly  identical  conditions  is  of  advantage 
in  determining  other  properties  more  reliably.  It  is  hoped 
that  the  statements  hold  true  in  respect  to  the  other 
properties  «diich  also  can  be  determined  with  the  instrument. 
This  will  be  investigated  shortly.  Neglecting  initial  costs 
for  the  more  complex  and  more  involved  experimental  total 
set-up  it  also  sesms  to  be  reasonable  to  state  that  measure¬ 
ments  with  a  otulti-purpose  instrument  will  produce  properties 
more  cheaply. 

For  the  future  it  is  planned  to  determine  properties  of 
gases  of  different  molecular  structure  and  over  wider  ranges 
of  pressure  and  temperature  for  theoretical  studies. 

Selected  liquids  will  be  tested  in  respect  to  their  heat 
transfer  and  electrical  qualities  in  order  to  establish  their 
suitability  as  coolants  of  powerful  compact  electronic 
devices.  It  is  furthermore  anticipated  to  develop  instruments 
applying  the  transient  technique  described  under  section  4. 
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